The number of x-irradiated mammalian cells surviving is markedly increased when the cells are incubated with an uncoupler of oxidative phosphorylation prior to or immediately after irradiation. This increase is greater in plateau-phase cells than in exponentially growing cells. The increase in survival is related to the potency of the uncouplers, which do not modify the effective x-ray dose. The influence of uncouplers on survival is related to an increase of repair and semiconservative DNA synthesis. The mutation frequency (8-azaguanine-resistant mutants) is significantly higher in irradiated cells treated with uncouplers than in untreated cells. These results suggest the existence of an error-prone repair process in mammalian cells.
Treatment of bacteria with UV light or chemical agents that injure DNA results in new functions, including prophage induction, UV reactivation, mutagenesis, and induction of an error-prone DNA repair activity (1) . Because the agents that induce mutagenesis and prophage induction are also carcinogenic (2) , it was of interest to determine the existence of an analogous system in mammalian cells.
Error-prone repair has been reported to occur in UV-irradiated mammalian cells. Evidence for inducibility of DNA repair processes has been presented by d'Ambrosio and Setlow (3) , and it has been shown that UV reactivation of herpesvirus is mutagenic and inducible (4) . However, in x-irradiated cells, the existence of an error-prone repair process is only suggested by the suppression of malignant transformation by protease inhibitors (5) .
We have previously observed that treatment with an uncoupler of oxidative phosphorylation increased the number of x-irradiated mammalian cells surviving (6) . The experiments described in the present study were designed to determine whether this increase in survival mediated by uncouplers leads to increased mutagenicity and could be explained by the existence of an error-prone repair system. The results show that DNA repair and mutation frequency are increased in x-irradiated mammalian cells treated with uncouplers.
MATERIALS AND METHODS Cell Culture. H4 cells are derived from a rat hepatoma (6). They were grown at 37°C in a humidified 95% air/5% CO2 atmosphere in modified Eagle's minimal essential medium supplemented with 5% (vol/vol) fetal calf serum, 5% (vol/vol) horse serum, penicillin (50 units/ml), and streptomycin (50 ,Mg/ml). All media were obtained from GIBCO. Plating efficiency ranged between 75 and 85%. Plateau-phase cultures were obtained by allowing cells to reach a stable density-inhibited plateau in growth with daily changes in medium.
Chemicals. 5-Bromodeoxyuridine (BrdUrd, Sigma) was dissolved in minimal essential medium. A solution of 10 mM m-chlorocarbonyl cyanide phenylhydrazone (CCCP, Aldrich) or of 10 mM carbonyl cyanide p-trifluoromethoxyphenylhydrazone (TFCP; Boehringer Mannheim) was made in CO3HNa, sterilized by filtration, then diluted to the appropriate concentration in minimal essential medium. [6-3H] Thymidine (2 Ci/mmol; 1 Ci = 3.7 X 1010 becquerels) was from New England Nuclear. 8-Azaguanine (Sigma) was dissolved in CO3HNa, then in minimal essential medium.
X-Irradiation and Survival Measurement. Cells were irradiated at room temperature with an x-ray generator operating at 200 kV and 15 mA, yielding an absorbed dose rate of 80 rads/min (1 rad = 1.0 X 10-2 joules/kg). For survival measurements, the cells were incubated or not incubated with 2.5 ,uM TFCP or 10MM CCCP for 30 min, then x-irradiated. Immediately after irradiation, they were rinsed, trypsinized, and subeultured in petri dishes for 14 Among these, the repair of x-ray-induced single-strand breaks in DNA could be influenced by uncouplers. However, the number and rejoining of DNA breaks, measured by alkaline sucrose gradients (9), were not significantly affected by incubating the cells with CCCP or TFCP at concentrations that enhance the cell survival (data not shown).
DNA repair and semiconservative synthesis were measured after uncoupler treatment and x-irradiation. Results are summarized in Table 2 . Incubation with TFCP or CCCP for 30 min resulted in a decrease in the rate of DNA synthesis in control, nonirradiated cells (6) . Irradiation with 4 krads in minimal essential medium was followed by a decrease in semiconservative DNA synthesis, as described (10) . However, DNA synthesis was suppressed to a lesser extent when the cells were treated with the uncouplers prior to irradiation.
The amount of DNA repair synthesis was determined in the absence of hydroxyurea (7) due to the high toxicity of this compound when added to the cells in the presence of an uncoupler. Therefore, this determination was carried out in stationary-phase cells in order to reduce the rate of semiconservative synthesis. Results show ( Influence of Uncouplers on Mutation Frequency. In order to test whether uncouplers enhance cell survival through an error-free or an error-prone repair process, we established the relationship between survival and mutation frequency for cells treated or not treated with an uncoupler. Mutant clones were selected by their resistance to the purine analogue 8-azaguanine (8) . The estimation of induced mutations is influenced by the drug concentration, cell plating density, and time of addition of the drug to the cells after the mutagenic treatment (expression time) (8) . In preliminary experiments, each factor was studied in order to obtain a maximal mutation frequency. We checked that incubation with TFCP does not modify the spontaneous frequency of 8&azaguanine-resistant Hi cells: five mutants per 106 cells were found in control cultures and in cells treated for 30 min with 2.5 ALM TFCP. After irradiation, the same optimal expression time (3 days, four doublings) was found for cells irradiated in minimal essential medium and for cells irradiated after TFCP treatment. Fig. 2 Ionizing radiation induces mutations in mammalian cells (13) , and a linear relationship has been found between the mutation frequency and the logarithm of the surviving fraction (14) . Uncouplers alone are not mutagenic, but they increase the rate of mutations in x-irradiated cells. If the survival increase mediated by uncouplers was due to an error-free repair process, the same relationship would be found for cells treated or not treated with the uncouplers before irradiation. Because uncouplers modify this relationship, they probably act by an error-prone repair system. We obtained similar results (increase of cell survival, of DNA repair, and of mutagenesis) with H4 cells treated with uncouplers prior to y-ray irradiation and treatment with methylmethane sulfonate (data not shown). This drug is x-ray mimetic and induces the same "short" type of DNA repair as x-rays (15) . Therefore, uncouplers could interfere with this type of repair, but the molecular mechanism of this process is not known. At concentrations that modify cell survival, uncouplers stimulate respiration and deplete the ATP pool, which results in a decrease in macromolecular synthesis (6) 
